There is a growing interest on the potential use of graphene (G)-based nanomaterials for biomedical applications directed to the central nervous system (CNS). To meet this challenge, thorough investigations on the safety and biocompatibility of G nanostructures in contact with the diverse brain cell types are required. This issue is extremely relevant for G materials, since their concentration, lateral dimension, charge and surface structure are known to influence their bio-interactions and need to be investigated in detail.
1, 2 G-based scaffolds were shown to support the survival, growth and differentiation of primary neurons, thus representing safe and promising tools to promote neural growth and regeneration in vivo. [3] [4] [5] [6] However, recent studies reported that acute and chronic exposure of primary hippocampal and cortical neurons to graphene oxide (GO) caused altered Ca 2+ dynamics and an excitatory/inhibitory imbalance in favor of inhibitory synaptic transmission. 7, 8 Astrocytes, which are the most numerous cell population in the mammalian CNS, are involved in the structural and functional regulation of neuronal circuits and contribute to maintain the homeostasis of the perineuronal milieu through the expression of specific ion channels and transporters. 9 Astrocytes respond to pathological insults in vivo by changing some of their molecular and functional features, a process called 'reactive astrocytosis', 10 which can be beneficial or detrimental to the integrity and functionality of neuronal circuits depending on the specific pathological setting. 11 The paramount importance of astrocytes in CNS physiology prompted us to address the impact of GR/GO exposure on this cell type, with the aim of providing further information on the biocompatibility profile of these nanomaterials when applied to the CNS and on their potential applications to treat astrocyterelated pathologies.
Very limited data on the impact of G-based nanomaterials on astrocytes are presently available. G-films were able to accelerate the maturation of neural stem cells and their progenies, including glial cells, by affecting their active and passive bioelectric membrane properties. 12 Moreover, GO nanosheets did not alter astrocyte viability in vitro, but affected their ability to release synaptic-like microvesicles involved in neuron-astrocyte communication. 7 PEGylated rGO caused morphological changes and ROS production, and affected astrocyte viability in vitro and in vivo. 13 Although these studies highlighted specific aspects of the interaction between G materials and astrocytes, no information is available to date on the molecular, cellular and functional consequences of exposing astrocytes to G nanomaterials.
In this work, we carried out a detailed investigation of the effects of GR/GO exposure on the functional properties of primary rat cortical astrocytes. Although GR and GO did not affect cell viability, they promoted a marked change in cell shape from an epithelioid morphology to an asymmetrical shape with elongated processes, which was associated with extensive cytoskeletal rearrangements. Exposure to GO, but not to GR, caused the upregulation of K + channels involved in extracellular K + homeostasis and an increase in glutamate clearance that were causally related to GO internalization. Interestingly, GOtreated astrocytes affected the functional properties of co-cultured neurons, by potentiating inhibitory synaptic transmission and accelerating the maturation of intrinsic neuronal excitability. These results indicate that GO profoundly affects astrocyte physiology in vitro, with repercussions on neuronal network activity. This work highlights the intrinsic different biological effects elicited by different nanomaterials and supports the relevance of GO for future applications in CNS pathologies associated to astrocyte dysfunctions.
RESULTS AND DISCUSSION

GR and GO induce morphological changes without affecting astrocyte viability
We characterized the physiological response of primary astrocytes to prolonged exposure to G-based materials, namely few-layer GR and GO. The former was prepared by exfoliation of graphite through interaction with melamine by ball-milling treatment, as described by Leon et al. 14 GO, provided by Grupo Antolin Ingeniería (Burgos, Spain), was obtained by oxidation of carbon fibers. A complete description of material preparation and physicalchemical characterization is reported in our previous work. 8 We isolated primary astrocytes from neonatal rat brain cortices ( Figure S1 ) and cultured them for up to 7 days in vitro. Twenty-four hours after plating, cultures were exposed to an aqueous dispersion of 10 µg/ml of either GR or GO for 24 h, 72 h and 7 days.
The viability of G-and vehicle-treated cultures (Ctrl: 0.09 ppm melamine/H 2 O for GR or H 2 O for GO) was evaluated as a function of the exposure time using immunohistochemistry and flow cytometry of propidium iodide (PI) to detect apoptotic cells. Exposure to G materials was not harmful to primary astrocytes at any of the tested exposure times ( Figure   S2a ,b), indicating that GR and GO do not affect astrocyte survival nor induce astrogliopathy. 15 We next evaluated whether exposure to GR/GO altered cell morphology. To this end, astrocytes were immunostained with antibodies to the intermediate filament glial fibrillary acidic protein (GFAP) or subjected to scanning electron microscopy (SEM).
Immunofluorescence revealed that exposure to G-materials induced a clear shape change that, from the regular and flat shape typical of quiescent primary astrocytes, became irregular and characterized by multiple thin processes and elongated protrusions resembling the morphology of in vitro activated/mature glia. 16, 17 We quantitatively analyzed this phenomenon from SEM images using the circularity index as a measure of the symmetry and regularity of the cell shape. Upon exposure to either GR or GO, astrocytes are characterized by a markedly lower index, indicative of a more elongated and asymmetrical shape with respect to vehicle-treated cells (Figure 1a) .
To better investigate the physical interaction of GR and GO with astrocytes, transmission electron microscopy (TEM) was used. As shown in Figure 1b , both GR and GO flakes (black arrowheads) were present inside the cells as aggregates of various sizes and compactness, mainly localized within membrane-bound vesicles, likely belonging to the endo-lysosomal pathway. The non-homogenous flake dispersion in solution may explain the formation of aggregates, although we cannot exclude that these agglomerates are formed inside cells upon fusion of multiple vesicles into larger intracellular structures.
To get more insights into the process of G internalization and identify the intracellular organelles containing the internalized flakes, we focused on the endo-lysosomal pathway, known to be the preferential destination of nanoparticles and nanomaterials. The observed morphological changes could be due to G-induced cytoskeletal rearrangements, and/or to signaling cascades initiated by the physical interaction of G flakes with the cytoskeleton, phenomena that have been reported in other cellular models. 24, 25 Differently from carbon nanotubes, which have direct effects on GFAP, 26 G flakes, due to their size and shape, might be able to insert into the inter-strand gap of the actin tetramer and cause its dissociation into monomers, which could eventually lead to the disruption of actin filaments. 24 To explore this issue, astrocytes exposed to either GR or GO for 72 h were stained with fluorescent phalloidin and anti-α-tubulin antibodies to visualize actin filaments and microtubules, respectively. Three-dimensional Z-stack confocal images were acquired by adopting the reflection light acquisition modality to concomitantly visualize G-flakes. 8, 22 While control cells showed well-organized actin and tubulin filament bundles, both GR-and GO-treated astrocytes displayed breakdown of actin fibers and rearrangement of α-tubulin that irregularly aggregated upon G exposure (Figure 1e ). These data suggest that the observed morphological changes are linked to the disruption/reorganization of the astrocyte cytoskeleton in response to G-flakes internalization. 
Differential effects of GR and GO on astrocyte electrical membrane properties
Given the observed morphological changes, we assessed whether G-flakes affected the electrical membrane properties of astrocytes by performing patch-clamp recordings of K + currents before and after exposure to either GR or GO (1-10 µg/ml; 72 h). It is well known that primary astrocytes mainly express outward rectifying K + channels, and that only upon functional differentiation they acquire a more physiological K + current profile characterized by the expression of inward rectifier K + (Kir) channels. 27, 28 Astrocytes were voltage-clamped at a holding potential of -60 mV and challenged with voltage ramps or step protocols.
Typical current traces elicited by both protocols in astrocytes exposed to GR are shown in Interestingly, a ten-fold lower dose of GO (1 µg/ml) elicited similar changes in specific conductance and current density, with a trend toward hyperpolarization and input resistance increase, revealing that the GO modulation is specific and dose-dependent ( Figure S4 ).
These data suggest that Ba 2+ -sensitive, weakly inward-rectifying Kir channels, which are typically upregulated in differentiated cultured astrocytes 28, 30 and downregulated in several glial-related pathologies, 31 are likely responsible for mediating the increase in current amplitudes and the variations in the passive membrane properties of astrocytes in response to GO exposure. These findings extend previous reports in which other carbon-based materials, namely single-wall (SWCNTs) and multi-wall (MWCNTs) carbon nanotubes, have been shown to interact with K + channels and alter their physiological functions. The effects of GO on astrocyte membrane properties depend on the increased expression of
Kir4.1 channels
We next investigated whether the expression of Kir4.1 channels, the main component of the astroglial Kir current involved in K + buffering, 10 was affected by G exposure. Primary astrocytes treated with either GR or GO were stained with anti-Kir4.1 antibodies by avoiding the permeabilization step in the immunostaining procedure, which allowed monitoring the expression of Kir4.1 channels at the plasma membrane. Membrane labeling of Kir4.1 was higher and more diffuse in GO-treated astrocytes, whereas in GR-treated cells it was indistinguishable from control astrocytes (Figure 3a) . To confirm the immunofluorescence results, G-treated and control astrocytes were subjected to western blotting. The total cell expression of Kir4.1 was also selectively increased upon exposure to GO, with a significant upregulation of both the monomeric and tetrameric forms of the channel (Figure 3b ), which were instead not altered by GR (Figure S5 ). These data confirm that the changes in current amplitudes and passive membrane properties observed in GO-treated astrocytes can be attributed to the enhanced expression of Kir4.1 channels.
Kir4.1 channels control extracellular homeostasis also through the regulation of glutamate dynamics. In rodents, the expression of Kir4.1 has been linked to a positive modulation of glutamate clearance by astrocytes mediated by Na + -dependent uptake through glutamate transporters. 35, 36 To address the possibility that the increase in Kir4.1 current could in turn increase glutamate clearance, we evaluated 3 H-labeled glutamate ( 3 H-Glu) uptake in primary astrocytes (Figure 3c) . The cells were exposed to GR or GO for 72 h and then challenged with 3 H-Glu in the presence or absence of choline in the extracellular bath, to isolate the Na + -dependent glutamate transport or following administration of Ba 2+ to inhibit Kir4.1 channels. As expected, while GR did not promote any change in glutamate clearance compared to control, GO-treated astrocytes showed a marked increase in the uptake of extracellular glutamate. Importantly, replacement of Na + with choline or Ba 2+ decreased glutamate uptake similarly to what observed upon treatment with the competitive blocker of glutamate transporters dl-threo-β-benzyloxyaspartic acid (DL-TBOA; 100 µM), 37 indicating the strong contribution of Kir4.1 activity to the Na + -dependent uptake of glutamate ( Figure   3c ).
We next explored whether the increase in glutamate uptake was associated with the enhanced expression of the two specific astroglial transporters GLT-1 and GLAST. 38 Immunofluorescence analysis of membrane-targeted transporters revealed a selective upregulation of GLT-1 membrane expression in GO-treated astrocytes (Figure 3d ) compared to GR-or vehicle-treated astrocytes, while the membrane-targeted pool of GLAST transporters was not affected (Figure 3f) . Western blotting experiments confirmed that total GLT-1 and GLAST expression was comparable under all the experimental conditions (Figure 3e,g ). These data support the view that the long-term challenge of primary astrocytes with GO boosts their homeostatic capacity to control the dynamics of extracellular K + and glutamate. 
GO internalization is responsible for shape change, Kir4.1 channel and GLT-1 transporter upregulation
The effects of GR/GO on the shape and electrical properties of primary astrocytes could be in principle attributable to the membrane shear stress induced by macro-flakes adhering to the external surface of the cell or to the active internalization of nanosheets. In order to discern between these two possibilities and find a mechanistic explanation for the observed effects, we examined the effects of G exposure under conditions in which G internalization was prevented. Primary astrocytes were exposed to either GR or GO for 72 h in the presence or absence of low doses of sodium azide (NaN 3 ; 1 µg/ml), a non-specific blocker of ATPdependent endocytosis. 39 Astrocytes were then either processed for immunofluorescence analysis (Figure 4a-e) or subjected to western blotting for Kir4.1 (Figure 4f and Figure S5 ).
While the NaN 3 treatment per se did not alter the cell shape or the viability with respect to vehicle-treated astrocytes, it virtually abolished the marked changes in shape and circularity index induced by either GR or GO (Figure 4b,d) , likely due to the reduced flake internalization (Figure 4c,e) . Additionally, NaN 3 restored the physiological expression levels of Kir4.1 (Figure 4f ) and membrane-targeted GLT-1 (Figure 4g) . As a non-specific blocker of ATP-dependent endocytosis, NaN 3 might affect the membrane recycling of receptors and transporters independently of the presence of G flakes. We could however exclude any nonspecific effect of NaN 3 at the concentration and exposure time used in our experiments, as the expression of Kir4.1 and GLT-1 upon NaN 3 treatment was comparable to that of non-treated samples (Figure 4f,g ).
Furthermore, treatment with NaN 3 reverted the GO-induced increase of K + currents and resting membrane potential, which recovered to the levels of control cells (Figure 4h-j) .
No changes were noticed in Kir4.1 expression upon GR exposure, with or without NaN 3 pretreatment ( Figure S5) . Collectively, these data directly link GO internalization to the observed changes in astrocyte shape and plasma membrane K + conductance, suggesting that the uptake of the material is needed for triggering the observed effects. 
GO-exposed astrocytes alter inhibitory synaptic transmission and intrinsic excitability of co-cultured primary cortical neurons
Potassium buffering and glutamate clearance are fundamental processes in astrocyte-toneuron communication. Since the above-reported results indicate that G-flakes alter astrocyte homeostatic function, we next investigated whether these changes could affect the in vitro development and maturation of primary neurons in astrocyte-neuron co-cultures.
Astrocytes, which had been treated with either GR or GO for 72 h, were used as feeder substrate on top of which, following GR/GO removal, primary neurons in GR/GO-free medium were seeded and grown up to 10 DIV. Under these experimental conditions, GR or GO particles could only be observed in astrocytes and not in neurons ( Figure S6 ). Primary cortical neurons were then analyzed at 10 DIV for miniature excitatory (mEPSCs) and inhibitory (mIPSCs) postsynaptic currents and intrinsic excitability. We found that frequency, amplitude, charge and current rise/decay times of mEPSCs did not significantly differ from control co-cultures (Figure 5a-c and Figure S7) . These results were supported by immunostaining co-cultures with antibodies to the vesicular glutamate transporter VGLUT1, which revealed no difference in the density of excitatory synaptic contacts (Figure 5d and Figure S8 ). In contrast, a significant increase in mIPSCs frequency was observed in neural networks grown onto GO-treated astrocytes in comparison with GR-treated and control astrocytes, in the absence of changes in the amplitude, charge and current rise/decay times (Figure 5e-g and Figure S7 ). To ascertain whether the changes in mIPSCs frequency were due to a concomitant change in the density of inhibitory synapses, we performed immunostaining with antibodies to the vesicular GABA transporter VGAT that revealed a significantly higher density of inhibitory synaptic contacts in neuronal networks co-cultured with GO-pretreated astrocytes with respect to GR-pretreated or control astrocytes (Figure 5h and Figure S8 ). Altogether, these observations indicate that exposure to GO enhances the ability of astrocytes to promote the formation and maturation of GABAergic synapses, with no effects on glutamatergic synapses.
Next, we analyzed the intrinsic excitability of co-cultured neurons, a measure of the maturation of voltage-dependent conductance in developing networks. Electrophysiological measurements were performed in current-clamp configuration by injecting 500 ms current pulses with increments of 10 pA, and measuring the resulting action potential firing rate. The analysis of firing rate versus injected current revealed that neurons grown on GO-treated astrocytes had a significantly enhanced average and instantaneous firing rates evoked by depolarizing current pulses (Figure 5i ).
To better analyze the shape of the action potentials, we generated phase-plot graphs by plotting the first derivative of the membrane potential over time (dV/dt) versus the membrane potential. The first component of the phase plot is due to the spike initiation in the axon initial segment (AIS) and to its fast antidromic propagation to the soma that generates a sudden voltage increase from baseline called 'kink'. 40 The invasion of the soma by the AIS spike generates a delayed activation of somatodendritic Na + channels that leads to the second phase-plot component, the somatodendritic spike. Interestingly, phase-plots revealed a more prominent 'kink' in neurons co-cultured with GO-treated astrocytes. To quantify this effect, a linear regression fit of the first 10 experimental points that follow the threshold, set at 5 mV/ms, was performed. 40 This analysis showed that the phase-slope was significantly increased in neurons in contact with GO-treated astrocytes (Figure 5j) .
These results suggest that GO-treated astrocytes induce an acceleration of the maturation of the intrinsic excitability of cortical neurons by affecting voltage-gated channels not only in the cell soma, but also at the AIS. Although the precise mechanism(s) underlying the observed effects are still not defined, we can envisage at least two possible scenarios, which are not mutually exclusive. On one side, GO could induce long-lasting effects on astrocytes, which would continuously affect neurons up to DIV10 of co-culture. On the other side, GO exposure could affect astrocytes only transiently, in an early time window corresponding to the critical stages of neuronal differentiation and process outgrowth. This early-stage interaction could equally impact on network maturation and synapse formation, leading to the altered electrical properties observed at later stages in the mature network. Astrocytes are fundamental for maintaining brain homeostasis and for the control of key neuronal processes such as synaptogenesis 41, 42 and synaptic transmission. 43, 44 There is also clear evidence that alterations of astrocyte capacity to buffer extracellular K + and glutamate cause changes in neuronal network excitability, which could result in neurological disorders. 31, 45, 46 In this study we performed a detailed functional analysis of the interaction between GR/GO and primary astroglial cells.
The results show that GR/GO do not affect the viability of cultured astrocytes, which is in contrast with the effects caused by these materials in tumour cell lines. 47 Astrocytes avidly internalize GR/GO flakes to a much higher extent than neurons 8 Our study demonstrates that long-term exposure of primary astrocytes to GR/GO affects several aspects of their homeostatic capacity, with indirect influence on the functional plasticity of co-cultured neuronal cells. Interestingly, most of the effects are specific for GO, which is probably due to its surface charge and higher reactivity with cells. To date, GO is preferred for biomedical applications with respect to GR, because of its higher solubility, stability in biological fluids and the possibility of surface functionalization. Further studies in vivo will address the future potential applications of GO in CNS pathologies.
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